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In this work a simple concept was used for a systematic search for materials with high spin polarization. It
is based on two semiempirical models. First, the Slater-Pauling rule was used for estimation of the magnetic
moment. This model is well supported by electronic structure calculations. The second model was found
particularly for Co, based Heusler compounds when comparing their magnetic properties. It turned out that
these compounds exhibit seemingly a linear dependence of the Curie temperature as function of the magnetic
moment. Stimulated by these models, Co,FeSi was revisited. The compound was investigated in detail con-
cerning its geometrical and magnetic structure by means of x-ray diffraction, x-ray absorption, and Mdssbauer
spectroscopies as well as high and low temperature magnetometry. The measurements revealed that it is,
currently, the material with the highest magnetic moment (6up) and Curie temperature (1100 K) in the classes
of Heusler compounds as well as half-metallic ferromagnets. The experimental findings are supported by

detailed electronic structure calculations.
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I. INTRODUCTION

Materials that exhibit half-metallic ferromagnetism are
seen to be potential candidates for the field of application
being called spintronics,!? that is electronics making use of
the electron spin instead of its charge. The concept of half-
metallic ferromagnetism was first presented by de Groot,’
predicting it to appear in half Heusler compounds. The
model suggests that the density of states exhibits, around the
Fermi energy (€p), a gap for minority electrons. Thus, these
materials are supposed to be 100% spin polarized at €. Most
of the predicted half-metallic ferromagnets (HMF) belong to
the Heusler* compounds. In general, these are ternary
X,YZ-compounds crystallizing in the L2 structure. X and Y
are usually transition metals and Z is a main group element.

Beside Heusler compounds, there are only few other ma-
terials being predicted to be HMFs, like some oxides. Most
of the predicted compounds with zinc-blende structure are
chemically uncharacterizable, at least up to now. Therefore,
our research concentrates on Heusler compounds.

High Curie temperatures, magnetic moments, and large
minority gaps are desirable for applications. For room tem-
perature devices, in particular, one needs to prevent a reduc-
tion of the spin polarization and other magnetic properties by
thermal effects. In this context it should be noted that the Co,
based Heusler compounds exhibit the highest Curie tempera-
ture [985 K, Co,MnSi (Ref. 5)] and the highest magnetic
moment [5.54u; per unit cell, Co,FeGe (Ref. 5)] being re-
ported up to now. The HMF character of Co,MnZ com-
pounds was first reported by Ishida er al® Recently,
Co,MnSi (Ref. 7) and Co,MnGe (Ref. 8) were used to build
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first thin film devices. The present work reports about
Co,FeSi. It will be shown that this compound may be one of
the most promising candidates for spintronic applications.

II. THEORETICAL MODELS

There exist several rules counting the number of valence
electrons that are used to predict the magnetic moments in
Heusler and other magnetic compounds from the number of
valence electrons. These rules are based on particular num-
bers of valence electrons starting with the semiconducting
compounds where one has 18 valence electrons in half
Heusler compounds,’ or 24 in full Heusler compounds. Rules
that are not general but depend on the composition of the
sample are, somehow, not satisfactory. Therefore, it may be
helpful to start more basically. Pauling!® pointed already on
the Heusler alloys in his basic work on the dependence of the
magnetic moments in alloys on the number of valence elec-
trons per atom.

Slater!' and Pauling'® found that the magnetic moments
(m) of 3d elements and their binary alloys can be described
by the mean number of valence electrons per atom (ny). The
rule distinguishes the dependence of m(ny) into two regions
(see Fig. 1). In the second part (n,=8), one has closed
packed structures (fcc, hep) and m decreases with increasing
ny. This is called the region of itinerant magnetism. Accord-
ing to Hund’s rule, it is often favorable that the majority d
states are fully occupied (n;;=5). The magnetic valence is
defined by ny=2n4;—ny, such that the magnetic moment per
atom is given by m=n,+2n,. A plot of m versus magnetic
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FIG. 1. Magnetic moments (a) and Curie temperature (b) of
Heusler compounds. The heavy 3d transition metals are given for
comparison. Full dots assign Co, based and open circles assign
other Heusler compounds. The lines in (a) assign the Slater-Pauling
curve. The line in (b) is found from a linear fit for Co, based
compounds. The cross in (b) assigns Co,FeSi as measured in this
work.

valence [m(ny)] is called the generalized Slater-Pauling
curve (see Refs. 12 and 13). In the first region (n,<8),m
increases with increasing ny. This part is attributed to local-
ized moments, where Fe (bcc) is a borderline case. Here, the
Fermi energy is pinned in a deep valley of the minority elec-
tron density. This constrains the number of minority
d-electrons n, resulting in m=n,—2n,. For Fe and its binary
alloys (Fe-Mn, Fe-Cr, and partially Fe-Co) one has an aver-
age of approximately three minority electrons occupied with
the result m=~ny,—6. Many Heusler compounds exhibit an
increase of m with increasing ny, and thus they may belong
to the first region of the Slater-Pauling curve.

Half-metallic ferromagnets (HMF) are supposed to ex-
hibit a real gap in the minority density of states and the
Fermi energy is pinned inside of the gap. From this point of
view, the Slater-Pauling rule is strictly fulfilled with

mHMF=nV—6 (1)

for the magnetic moment per atom, as the number of occu-
pied minority states n; must be integer. The distribution of
the minority electrons on different bands, however, must be
found from electronic structure calculations.

For ordered compounds with different kind of atoms it is,
indeed, more convenient to work with all atoms of the unit
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cell. In the case of four atoms per unit cell, as in full Heusler
(FH) compounds, one must subtract 24 (6 multiplied by the
number of atoms) from the accumulated number of valence
electrons in the unit cell Ny, (s,d electrons for the transition
metals and s,p electrons for the main group element) to find
the magnetic moment per unit cell,

Mgy = Ny — 24. 2)

This valence electron rule® is strictly fulfilled for HMF
only, as was first noted in Ref. 13 for half Heusler (HH)
compounds with three atoms per unit cell (myy=Ny—18). In
both cases the magnetic moment per unit cell becomes
strictly integer (in multiples of Bohr magnetons) for HMF,
what may be seen as an advantage of the valence electron
rule compared to the original Slater-Pauling law [Eq. (1)]
even so it suggests the existence of different laws.

The Slater-Pauling rule relates the magnetic moment with
the number of valence electrons per atom,'®!! but does not,
per se, predict a half-metallic behavior. The gap in the mi-
nority states of Heusler compounds must be explained by
details of the electronic structure (for examples see Refs. 14
and 15 and references therein).

Self-consistent-field calculations were performed in order
to investigate the Slater-Pauling-type behavior of Heusler
compounds in more detail (for details see Sec. IIT). The elec-
tronic structure of most known Heusler compounds was cal-
culated in order to find their magnetic moments and mag-
netic type. The calculations were performed for overall 107
reported Heusler compounds from which 59 are based on X
and Y being 3d metals, 17 with only X and 28 with only Y
being a 3d metal. The remaining ones contain 4d and 4f
metals on the X and Y sites, respectively. In addition calcu-
lations were performed for 50 reported half Heusler com-
pounds.

It turned out that nearly all (if not simple metals) Co,
based compounds should exhibit half-metallic ferromag-
netism. It is also found that the calculated magnetic moments
of the Co, based compounds follow the Slater-Pauling curve
as described above [see Fig. 1(a)]. Some small deviations are
possibly caused by inaccuracies of the numerical integration.

Inspecting the other transition metal based compounds,
one finds that compounds with magnetic moments above the
expected Slater-Pauling value are X=Fe based. Those with
lower values are either X=Cu or X=Ni based, with the Ni
based compounds exhibiting higher moments compared to
the Cu based compounds at the same number of valence
electrons. Moreover, some of the Cu or Ni based compounds
are not ferromagnetic independent of the number of valence
electrons. Besides Mn,VAI, only compounds containing
both, Fe and Mn, were found to exhibit HMF character with
magnetic moments according to the Slater-Pauling rule. No
attempts have been made to perform calculations for com-
pounds that turn out to be chemically uncharacterizable.

Inspecting the magnetic data of the known Heusler com-
pounds in more detail (see data and references in Refs. 16
and 17), one finds a very interesting aspect. Seemingly, a
linear dependence is obtained for Co, based Heusler com-
pounds when plotting the Curie temperature (7.) of the
known, 3d metal based Heusler compounds as function of
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their magnetic moment [see Fig. 1(b)]. According to this
plot, T is highest for those half-metallic compounds that
exhibit a large magnetic moment, or equivalent for those
with a high valence electron concentration as derived from
the Slater-Pauling rule. T is estimated to be above 1000 K
for compounds with 6y by an extrapolation from the linear
dependence.

Co,FeSi was revisited as a practical test for the findings
above. This compound was previously reported to have a
magnetic moment of only 5.18uy per unit cell and a Curie
temperature of above 980 K.!'®!° One expects, however, m
=6up and T to be above 1000 K, from the estimates given
above.

III. CALCULATIONAL DETAILS

As starting point, self-consistent first-principle calcula-
tions were performed using the linearized muffin tin orbital
(LMTO) method,?® as this method is very fast. Using the
experimental lattice parameter (d.y,=5.64 A, see Sec. V A),
the results predicted Co,FeSi to be a regular ferromagnet
with a magnetic moment of 5.08u; per formula unit. The
latter value is much too small compared to the experimental
one of 6uy (see Sec. V B).

More detailed calculations were performed to check if the
too low value is the result of a particular method or the
parametrization of the energy functional. The Korringa-
Kohn-Rostocker method as provided by Akai*! was chosen
as this program allows calculations in the muffin tin (MT)
and the atomic sphere (ASA) approximations. Additionally,
it provides the coherent potential approximation (CPA) to be
used for disordered systems. This method was used to esti-
mate the influence of disorder on the magnetic structure.

The calculations were started with the most common pa-
rametrizations of the exchange-correlation functional as
given by Moruzzi, Janak, and Williams?> (MJW), von Barth
and Hedin® (vBH), and Vosco, Wilk, and Nussair?*?
(VWN). The generalized gradient approximation (GGA) was
used in the form given by Perdew et al.>® To include nonlo-
cal effects, the VWN parametrization with additions by Per-
dew et al.?’?° was used (PYVWN). The so-called exact ex-
change is supposed to give the correct values for the gap in
semiconductors using local density approximation. Here it
was used in the form given by Engel and Vosko® (EV).

The results of the calculations using different approxima-
tions for the potential as well as the parametrization of the
exchange-correlation part are summarized in Table 1. The
calculated total magnetic moments range from =~4.9uj to
=~5.7up, thus they are throughout too low compared to the
experiment. They include, however, the value of 5.27up
found in Ref. 15 by means of the full potential KKR method.

In the next step, the full potential linear augmented plane
wave (FLAPW) method as provided by Wien2k (Ref. 31)
was used to exclude that the observed deviations are due to
the spherical approximation for the potential (MT or ASA) as
used in the above methods.

First, the exchange-correlation energy functional being
parametrized within the generalized gradient approximation
was used. The energy convergence criterion was set to 107>,
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TABLE 1. Magnetic moments of Co,FeSi calculated for spheri-
cal potentials. The calculations were carried out by means of KKR
in muffin tin (MT) and atomic sphere (ASA) approximations for
a=5.64 A. All values are given in ug. Total moments are given per
unit cell and site resolved values are per atom.

MT ASA
KKR Moy mco MEge Myt mco MEge
MIW 5.03 1.19 2.69 5.17 1.27 2.68
vBH 4.88 1.15 2.64 5.03 1.22 2.62
VWN 4.99 1.18 2.68 5.15 1.26 2.67
GGA 5.22 1.22 2.85 5.18 1.27 2.69
EV 5.19 1.24 2.77 5.15 1.26 2.68

PYVWN 5.03 1.19 2.72 5.67 1.25 3.23

Simultaneously, the charge convergence was monitored and
the calculation was restarted if it was larger than 1073, For
k-space integration, a 20X 20X 20 mesh was used resulting
in 256 k-points in the irreducible part of the Brillouin zone.
In cases of doubt about convergence or quality of the inte-
gration, the number of irreducible k-points was doubled.

The calculated magnetic moments for most known
Heusler compounds are summarized in Fig. 1 and discussed
in Sec. II. It turned out, however, that the magnetic moment
of Co,FeSi is still too small compared to the experimental
value.

Comparing the result for Co,FeSi, the magnetic moments
found by the different calculational schemes are very similar
(compare Tables I and II), implying that Co and Fe atoms are
aligned parallel independent of the method used. The small,
induced moment at the Si atom (not given in Table I) is
aligned antiparallel to that at the transition metal sites. As for
KKR, the use of the EV parametrization of the energy func-
tional did not improve the magnetic moment, the result was
only 5.72up.

Other than the LMTO or KKR methods (spherical poten-
tials), the FLAPW (full symmetry potential) calculations re-
vealed a very small gap in the minority states, but being
located below the Fermi energy. Figure 2 shows the band
structure and density of states calculated by FLAPW for the
experimental lattice parameter.

The electronic structure shown in Fig. 2 reveals a very
small indirect gap in the minority states at about 2 eV below
€r. The fact that the Fermi energy cuts the minority bands

TABLE II. Magnetic moments of Co,FeSi calculated for full
symmetry potentials. The calculations were carried out by means of
FLAPW for a=5.64 A. All values are given in up. Total moments
are given per unit cell and site resolved values are per atom. m, is
the part of the magnetic moment that cannot be attributed to a
particular site.

Mot Mmco Mge msg; Mg

LDA (VWN) 5.59 1.40 2.87 -0.01 -0.07
LDA (EV) 5.72 1.45 2.94 -0.003 -0.11
LDA+U 6 1.54 3.30 -0.13 -0.25
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above the gap has finally the result that the magnetic moment
is too low and not integer, as would be expected for a half-
metallic ferromagnet.

A structural refinement was performed to check if the ex-
perimental lattice parameter minimizes the total energy. The
dependence of the energy with lattice parameter a revealed
that the minimum occurs at the experimentally observed lat-
tice parameter ., From the lattice parameter dependent
calculations it showed up that the experimentally found mag-
netic moment appears at larger values of a. At the same time
the size of the gap increased. Inspecting the band structure,
one finds that the Fermi energy is inside of the gap for lattice
parameters being enlarged by about 7.5% to 12%. Figure 3
shows the dependence of the extremal energies of the lower
(valence) band and the upper (conduction) band of the mi-
nority states enveloping the gap.

The magnetic moment is integer (6up) in the region were
€p falls into the gap (gray shaded area in Fig. 3), that is the
region of half-metallic ferromagnetism. The reason for the
integer value is clear, the number of filled minority states is
integer and thus the magnetic moment, too.

Usually, Heusler compounds are attributed to exhibit lo-
calized moments. In that case, electron-electron correlation
may play an important role. The LDA + U scheme?? was used
for calculation of the electronic structure to find out whether
the inclusion of correlation resolves the discrepancy between
the theoretical and measured magnetic moment. In Wien2k,
the effective Coulomb-exchange interaction (U =U-J,
where U and J are the Coulomb and exchange parameter) is
used to account for double-counting corrections. It turned out
that values of Uy from 2.5 eV to 5.0 eV for Co and simul-
taneously 2.4 eV to 4.8 eV for Fe result in a magnetic mo-
ment of 6up and a gap in the minority states.

Figure 4 shows the band structure and density of states
calculated using the LDA+U method. The effective
Coulomb-exchange parameters were set t0 Uy c,=4.8 €V
and U p.=4.5 €V at the Co and Fe sites, respectively. These
values are comparable to those found in Ref. 33 for bcc Fe
(4.5 eV) and fcc Ni (5 eV).

The minority DOS (Fig. 4) exhibits a clear gap around e,
confirming the half-metallic character of the material. The
high density below € is dominated by d-states being located
at Co and Fe sites. Inspecting the majority DOS one finds a
small density of states near €. This density is mainly derived
from states located at Co and Si sites.

r X WK
momentum k&

The distribution of the charge density on the atoms and
states with different orbital momentum is given in Table III.
(Note that two Co atoms count for the sum of the charge in
the unit cell.)

From Table III it is found that in average three minority
states per atom are occupied (2n;=6) as required by the
Slater-Pauling rule for the range of increasing magnetic mo-
ments with an increasing number of valence electrons (see
Sec. II). It is worthwhile to note that the same is true for the
other Heusler compounds shown in Fig. 1 exhibiting half-
metallic ferromagnetism. However, the electrons are distrib-
uted in a different way across the X, Y, and Z sites.

IV. EXPERIMENTAL DETAILS

Co,FeSi samples were prepared by arc melting of sto-
ichiometric quantities of the constituents in an argon atmo-
sphere (10~ mBar). Care was taken to avoid oxygen con-
tamination. This was established by evaporation of Ti inside
of the vacuum chamber before melting the compound as well
as additional purification of the process gas. Afterwards, the
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FIG. 3. Minority gap in Co,FeSi. Shown are the positions of the
extremal energies of the upper and lower bands depending on the
lattice parameter (dqy,=5.64 A). Energies are given with respect to
the Fermi energy. The gray shaded area marks the domain of HMF
character (lines are drawn to guide the eye).
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FIG. 4. LDA+U band struc-
ture and DOS of Co,FeSi. The
calculation was performed by
Wien2k using the experimental

lattice parameter.

(a) minority (c) majority T

6_ N~ V| [ ! L
4 y [ u
S == | :
¢ L E =< | ]
o™ 2 ~ [ 7]
4 BS >/ ! ]
4 < [ '
5 sK T ~DH | _
g 8L 1t .
\ L -
10k 1L ]
AN

WL r XWKI10 5 0 5 10W r X WK

momentum & density of states
polycrystalline ingots were annealed in an evacuated quartz
tube at 1300 K for 20 days. This procedure resulted in
samples exhibiting the correct Heusler type L2, structure.

Flat disks were cut from the ingots and polished for spec-
troscopic investigations at bulk samples. For powder inves-
tigations, the remaining part was crushed by hand using a
mortar. It should be noted that pulverizing in a steel ball mill
results in strong perturbation of the crystalline structure.

X-ray photoemission (ESCA) was used to verify the com-
position and to check the cleanliness of the samples. No
impurities were detected by means of ESCA after removal of
the native oxide from the polished surfaces by Ar* ion bom-
bardment.

The geometrical structure was investigated by x-ray dif-
fraction (XRD) using excitation by Cu-K, or Mo-K, radia-
tion. Extended x-ray absorption fine structure (EXAFS) mea-
surements were performed at the XAS beamline of LNLS
(Campinas, Brazil) for additional structural investigation, in
particular to explain the site specific short range order. Pow-
der samples were investigated in transmission mode using
two ion chambers, bulk samples were investigated by the
total yield technique.

Magnetostructural investigations were carried out by
means of Mossbauer spectroscopy in transmission geometry
using a constant acceleration spectrometer. A °'Co(Rh)
source with a linewidth of 0.105 mm/s was used for excita-
tion.

The magnetic properties were investigated at low tem-
peratures using a superconducting quantum interference de-

TABLE III. Distribution of the valence states in Co,FeSi. The
number of occupied states was calculated by means of FLAPW
using LDA+U for a=5.64 A. The muffin tin radii were set for all
sites to ryr=1.22 A. This results in a space filling of 67% by the
atomic spheres, the remainder is taken as interstitial (int).

Majority Minority
Co 4.887 3.343
Fe 5.063 1.766
Si 1.247 1.373
int 1.915 2.176
sum Co,FeSi 18 12

momentum k&

vice (SQUID, Quantum Design MPMS-XL-5). The high
temperature magnetic properties were investigated by means
of a vibrating sample magnetometer (Lake Shore Cryotron-
ics, Inc., VSM Model 7300) equipped with a high tempera-
ture stage. For site specific magnetometry, Xx-ray magnetic
circular dichroism (XMCD) in photoabsorption (XAS) was
performed at the First Dragon beamline of NSRRC (Hsin-
chu, Taiwan).

V. RESULTS

A. Structural properties

The correct L2 structure of the Co,FeSi compound was
verified by XRD. The lattice constant was determined to be
5.64 A. The lattice parameter is obviously smaller than the
one reported before (compare Ref. 34) and a lower degree of
disorder is observed in the present work.

A disorder between Co and Fe atoms (DO;-type disorder)
can be excluded from the Rietveld refinement of the XRD
data, as well as from neutron scattering data (not shown
here). A small (<10%) disorder between Fe and Si atoms
(B2-type disorder) cannot be excluded by either of these
methods, particularly due to the low intensities of the (111)
and (200) diffraction peaks in XRD.

For further site specific structural information, EXAFS
measurements were carried out. A powder sample, as used
for XRD, was investigated in transmission mode.

The absorption spectra collected at the Fe and Co K-edges
are shown in Fig. 5 after removal of a constant background.
The ATOMS (Ref. 35) program was used to generate the struc-
tural input for the EXAFS data analysis. The scattering pa-
rameter for all possible scattering paths were calculated us-
ing FEFF6.3¢ The analysis of the EXAFS data was finally
performed using the IFEFFIT (Refs. 37 and 38) program
package. The best fitting of the Fourier transform modulus
considering the L2, structure are also displayed in Fig. 5. It
was not possible to fit the experimental data to a structural
model including DOs-type disorder, as expected. B2-type
disorder can hardly be detected by means of EXAFS as the
distances in the first coordination shell of Co and Fe are the
same as in L2;.

The radial distribution function y(R) (FT magnitude) is
produced by forward Fourier transform of the EXAFS spec-
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FIG. 5. EXAFS results for Co,FeSi. The x-ray absorption spec-
tra (with constant background removed) were taken at the K-edges
of Co and Fe. The radial distribution functions derived from the

spectra (symbols) are compared to the ones calculated (lines) using
the best fit data.

tra after background subtraction. It is given as function of the
effective distance R. Note that R includes not only the inter-
atomic distances kR; but also the scattering phase shifts
d;exp(kR;+ ;). The high intensity of y(R) in the first coor-
dination shell of Fe points on the cubic environment consist-
ing of eight Co atoms, as expected for a well-ordered Heu-
sler compound. The peak of y(R) for the first coordination
shell of Co exhibits a clear splitting being due to the different
scattering phases of Fe and Si, although the distance between
these atoms and the Co is the same. The Fe induced intensity
of x(R) is about half of that observed in the Fe K-edge spec-
tra. This confirms the tetragonal environment at the Co sites
with respect to Fe sites, as the scattering factors for both
types of atoms is nearly the same. Thus, the EXAFS mea-
surements corroborate the XRD results even at the short-
range order for both Co and Fe.

For additional magnetostructural investigation, Moss-
bauer spectroscopy was performed. The measurements were
carried out at 85 K using powder samples. The observed
six-line pattern of the spectrum (see Fig. 6) is typical for a
magnetically ordered system. The observed °'Fe Mossbauer
linewidth of 0.15 mm/s is characteristic for a well-ordered
system. The value is comparable to 0.136 mm/s observed
from a-Fe at 4.2 K.

In detail, the Mdssbauer spectrum shown in Fig. 6 exhib-
its a sextet with an isomer shift of 0.23 mm/s and a hyper-
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FIG. 6. Mossbauer spectrum of Co,FeSi. The spectrum was ex-
cited by 57Co and measured from a powder sample in transmission
geometry at 7=85 K.

fine magnetic field of 26.3 X 10° A/m. No paramagnetic line
was observed. Further, no quadrupole splitting was detected
in accordance with the cubic symmetry of the local Fe envi-
ronment. A DOs-type disorder can be definitely excluded by
comparing measured and calculated hyperfine fields in or-
dered and disordered structures.

B. Magnetic properties

Low temperature magnetometry was performed by means
of SQUID to proof the estimated saturation moment. The
results are shown in Fig. 7. The measured magnetic moment
in saturation is (5.97+0.05)up at 5 K corresponding to
1.49up per atom. An extrapolation to 6y per unit cell at 0 K
fits perfectly to the one estimated from the Slater-Pauling
rule. The measurement of the magnetic moment reveals, as
expected for a HMF, an integer within the experimental un-
certainty. Regarding the result of the measurement (an inte-
ger) and the valence electron rule, it all sums up to an evi-
dence for half-metallic ferromagnetism in Co,FeSi. In more
detail, Co,FeSi turns out to be soft magnetic with a small
remanence of =0.3% of the saturation moment and a small
coercive field of =750 A/m, under the experimental condi-
tions used here. The magnetic moment for Co,FeSi was pre-
viously reported to be 5.90u; (Ref. 18) at 10.24 K, but with
a rather high degree of disorder (11% B2 and 16% DOs). The
same group reported later’* a smaller magnetic moment
(=5.6up interpolated to 0 K) at a lattice parameter of 5.657
A, but still with a high degree of disorder.

The experimental magnetic moment is supported by the
band structure calculations, as was shown above, revealing a
HMF character with a magnetic moment of 6ug, if using
appropriate parameters in the self-consistent-field calcula-
tions.

XMCD in photoabsorption was measured to investigate
the site specific magnetic properties. The XAS and XMCD
spectra taken at the L, ; absorption edges of Fe and Co are
shown in Fig. 8. The feature seen at 3 eV below the L;
absorption edge of Co is related to the L2 structure and
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FIG. 7. Magnetic properties of Co,FeSi. The field dependence
of the magnetic moments was measured by SQUID magnetometry
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points on the high structural order of the sample (it vanishes
for B2-type disorder). The magnetic moments per atom de-
rived from a sum rule analysis’>** are (2.6+0.1)up for Fe
and (1.2+0.1)up for Co, at T=300 K and uoH=0.4 T. The
error arises mainly from the unknown number of holes in the
3d shell and the disregard of the magnetic dipole term in the
sum rule analysis. A pronounced enhancement of the orbital
magnetic moments (m;) as in Co,Cr,_,Fe Al (Ref. 41) or a
field dependence of m; (Ref. 42) was not observed for
Co,FeSi.

The orbital moments were calculated using the LDA+U
scheme with spin-orbit interaction (SO) and by LSDA calcu-
lations including the Brooks orbital polarization term (OP).*
The LDA+ U calculations with SO revealed r=m;/m, values
of 0.05 and 0.02 for Co and Fe, respectively. These values
are about a factor of 2 higher than those found from LSDA
+SO calculations without U. The total magnetic moment
stayed 6up in this calculation as in LDA+ U without SO. The
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FIG. 8. Site resolved magnetic properties of Co,FeSi. Shown
are the XAS (Iy) and XMCD (Iycp) spectra taken at the L, 5 ab-
sorption edges of Fe (a) and Co (b) after subtracting a constant
background.
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FIG. 9. Measurement of the specific magnetization as a function
of temperature for Co,FeSi. Lines are drawn to guide the eye.

OP calculations revealed slightly higher r values. The orbital
to spin magnetic moment ratios determined from the XMCD
measurements are about 0.05 for Fe and 0.1 for Co. All val-
ues (ratio of Co and Fe moments, as well as values extrapo-
lated to 0 K) are in good agreement to the electronic struc-
ture calculations, keeping in mind that calculated site
resolved values depend always on the RMT settings for the
integration of the charge density around a particular atom.

The high temperature magnetization of Co,FeSi was mea-
sured by means of VSM. The specific magnetization as func-
tion of the temperature is shown in Fig. 9. The measurements
were performed in a constant induction field of uyH=0.1 T.
For this induction field, the specific magnetization at 300 K
is 37% of the value measured in saturation. The ferromag-
netic Curie temperature is found to be T,-=(1100+20) K.
This value fits the linear behavior shown in Fig. 1 for Co,
based Heusler compounds very well.

The Curie temperature is well below the melting point
being obtained by means of differential scanning calorimetry
to be T,,=(1520+5) K. The paramagnetic Curie-Weiss tem-
perature was identified to be ® = (1150+50) K from the plot
of the inverse susceptibility x™! as a function of temperature
T by interpolating the curve. The nonlinearity in the x~!(7)
dependence close to T indicates deviations from molecular
field theory. A linear dependence, however, is only expected
at temperatures much higher than T~ that are not accessible
here.

The highest known Curie temperature is reported for el-
emental Co to be 1388 K.** Only few materials exhibit a T
above 1000 K, for example, the Fe-Co binary alloys. With a
value of =1100 K, Co,FeSi has a higher Curie temperature
than Fe and the highest of all HMF and Heusler compounds
being measured up to now.

The present work leaves, however, some important ques-
tions open. There is still no convincing theory that explains
why the dependence of T~ on the magnetic moment should
be linear over such a wide range of compounds with different
magnetic moments. For some alloys a linear dependence is
indeed found, but never over such a wide range of different
composition like for the Co, based HMF Heusler com-
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pounds. An experimental challenge will be to find com-
pounds with magnetic moments of above 6up to prove
whether it is possible to find even higher Curie temperatures
in this class of materials. Co;Si, which should exhibit 7 ug, if
following the valence electron rule, crystallizes in a hexago-
nal but not in the required Heusler structure, unfortunately.

VI. SUMMARY AND CONCLUSION

In summary, it was shown how simple rules may be used
to estimate the properties of magnetic materials, in particular
for those Heusler compounds exhibiting half-metallic ferro-
magnetism.

As practical application of these simple rules, it was
found that the Heusler compound Co,FeSi is a half-metallic
ferromagnet exhibiting the highest Curie temperature and
magnetic moment. In particular, a magnetic moment of 6up
and a Curie temperature of 1100 K were found in L2; or-
dered samples with a lattice parameter of 5.64 A.

PHYSICAL REVIEW B 72, 184434 (2005)

The experimental findings are well supported by elec-
tronic structure calculations. The comparison between ex-
periment and calculations gives clear advise that electron-
electron correlation plays an important role in Heusler
compounds.
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